We report the fabrication of Ge:Mn ferromagnetic semiconductors by Mn-ion implantation into Ge followed by pulsed laser annealing. Benefiting from the short time annealing, the hole concentration in Mn-implanted Ge has been increased by two orders of magnitude from 10 18 to over 10 20 cm −3 . Likely due to the high hole concentration, we observe that the longitudinal and Hall resistances exhibit the same hysteresis as the magnetization, which is usually considered as a sign of carrier-mediated ferromagnetism.
I. INTRODUCTION
Diluted ferromagnetic semiconductors (FMS) are considered to be promising materials for spintronic applications. FMS exhibit strong magneto-transport effects, namely negative magnetoresistance (MR) and the anomalous Hall effect (AHE). [1, 2] GaAs:Mn has been intensively investigated during the last 20 years and is considered as the prototype FMS. Practically, it is desirable to have a FMS compatible with silicon technology. Manganese-doped germanium prepared using low-temperature molecular-beam epitaxy (LT-MBE) proves to be most promising due to the effective suppression of precipitate formation. [3] [4] [5] [6] Two conclusions have been well established: (i) Mn segregation is unavoidable even at growth temperatures below 70
• C. [3] [4] [5] [6] [7] (ii) Mn-rich precipitates, mainly Mn 5 Ge 3 and Mn 11 Ge 8 , form
inside the Mn-diluted Ge matrix when the growth temperature is higher than 70
• C [8, 9] or during ion implantation at elevated temperatures [10] . On the other hand, various experiments evidence that diluted Mn ions are in the 2+ state [11] [12] [13] and act as double acceptors in Ge. A substitutional occupation of Fe, Cu, and Ag in Ge was confirmed recently. [14] Thus, Mn-rich regions are embedded inside the Ge matrix together with substitutional Mn ions. The appearance of Mn-rich regions can be demonstrated by transmission electron microscopy and by zero-field-cooling/field-cooling (ZFC/FC) magnetization measurements. [4, 5, 8] We notice that pronounced MR and AHE in the Ge:Mn system have been reported. [3, 4, 6, [15] [16] [17] However, there are fundamental open questions. First of all, the correlation between magnetization, MR, and AHE, which is a hallmark of the GaAs:Mn FMS, [1, 2] has not been proven for Ge:Mn so far. For isotropic and anisotropic magnetic samples the MR and AHE curves measured in van der Pauw geometry always reflect the field dependence of magnetization perpendicular to the sample surface. For example, GaAs:Mn grown on GaAs(001) has its hard axis of magnetization perpendicular to the sample surface. As expected the corresponding AHE curve does also not show an open hysteresis loop and is perfectly correlated with the hard axis magnetization perpendicular to the sample surface. [18] The reported MR and AHE in Ge:Mn are likely caused by superparamagnetic Mn ions or precipitates [19] or by a two-band-like conduction. [20] Note that only paramagnetic coupling between Mn impurities in Ge:Mn was revealed by X-ray magnetic circular dichroism [13] .
Secondly, measurements of the resistivity versus temperature often reveal a small activation 2 energy of several meV at low temperatures, [3, 15, 19, 21] which is much smaller than the thermal ionization energy of Mn in Ge. [22] Thirdly, the AHE curves measured above 10 K usually reveal a reversal in slope. [4, 15, 16, 23] On the other hand, below 10 K the AHE has been reported to be absent. [19] We believe that the origin of these puzzling observations lies in the less effective substitution of Mn at Ge sites, which results in too low a hole concentration, making carrier-mediated ferromagnetism impossible. In previous work, the ferromagnetism in Ge:Mn has been nonquantitatively but plausibly explained by the formation of bound magnetic polarons (BMP). [3, 5, 8, 23] According to the model of Kaminski and Das Sarma [24] interference device (SQUID, Quantum Design MPMS) magnetometer. Magneto-transport
was measured with a magnetic field applied perpendicularly to the film plane in van der Pauw geometry.
III. RESULTS AND DISCUSSION
A. Structural properties Mn phase [4] . On the other hand, the Mn-rich regions in the top layer are not percolating.
Using high-resolution TEM, we found that the areas between the Mn-rich structures and the regions in the depth of 60-100 nm are coherent with the single crystalline Ge matrix.
Using SIMS (shown as the read curve along the depth scale in Fig. 1 ), we observed an accumulation of Mn in the ca. 40 nm thick top layer after PLA. In the depth between 50-100 nm, Mn ions are uniformly distributed. We do not have an accurate absolute calibration, but the measurement is consistent with a Mn concentration of a few percent in this region.
Therefore, by structural analysis we can conclude that after PLA the near-surface layer of Mn-implanted Ge contains Mn-rich tadpole-like regions, while most of the Mn is incorporated in a single crystalline Ge:Mn matrix.
B. Magnetism and Magneto-transport longitudinal resistance curves, with the same coercive field as in the magnetization. Such a correlation between AHE, MR, and magnetization is usually considered as the signature of FMS, [1, 2] where the same set of holes contribute to ferromagnetism and transport [29] . This also has been observed in compensated GaAs:Mn [25] and insulating GaP:Mn.
[30] However, to our knowledge, the correlation between AHE, MR, and magnetization has never been observed for other Ge:Mn samples.
Here we point out that the hysteretic MR and AHE behavior only persists up to around The most noticeable feature is the ZFC peak in the temperature range from 60 to 70 K.
The peak position does not change upon increasing the field up to 500 Oe (not shown). For normal magnetic nanoparticles the corresponding ZFC peak moves to lower temperatures when applying a larger magnetic field. [34] Therefore, the Mn-rich regions are different from crystalline secondary phases. Such Mn-rich regions in Ge were also observed by other groups, [3, 5, 23] but the magnetic-field-independent ZFC peaks were found at a much lower temperature around 18 K. The ferromagnetism in those regions is believed to be hole-mediated. [5, 23] The ZFC/FC peaks in our samples occur at higher temperatures, which indicates a stronger ferromagnetic coupling inside the Mn-rich regions. According to the model of Kaminski and Das Sarma, [24] the ferromagnetic transition in these regions leads to an immediate decrease in the hopping energy which gives rise to a non-monotonic temperature dependence of the sample resistance. A resistance peak at around T C of Mnrich regions has been observed experimentally by Li et al. [23] and is in fact also visible in the temperature-dependent resistance as shown in Fig. 6 . At low temperature, there are two regions of fundamentally different behavior: Below 10 K, the resistance is nearly constant,
i.e., quasi metallic. From 10 to 20 K the resistance decreases steeply with an activation energy of 4 meV. Such a temperature dependence appears to be a rather universal feature of Mn-doped Ge, [3, 15, 19, 21] and is attributed to impurity band conduction. [4, 19, 21] We will discuss below that this activation energy of 4 meV is related with the temperaturedependent occupation of the ground and first excited state of the Mn double acceptor which form impurity bands in Ge:Mn. (Fig. 7) is mostly due to the on-site Coulomb repulsion.
The t 2 -type spin-up d -orbitals hybridize with the t 2 -type spin-up acceptor states. This leads to level repulsion, which shifts the spin-up acceptor states ("dangling-bond hybrid", DBH) upward in energy, as shown in Fig. 7 . Analogously, level repulsion between the unoccupied spin-down d -orbitals and the spin-down acceptor states shifts the latter downward in energy.
Mn is a double acceptor. The hole binding energy is found to be 0.16 eV from the valence band and 0.37 eV from the conduction band for the neutral and singly charged acceptor, respectively. [22] In Fig. 7 the neutral acceptor is represented as two bound holes going into To obtain the full picture, many-particle effects and spin-orbit coupling have to be taken into account. In the neutral Mn double acceptor with two bound holes, i.e., the d Consequently, the splitting between the ground state (j = 2, S = 5/2 and F = 1/2) and the first excited state (j = 2, S = 5/2 and F = 3/2) is 3ǫ/2 ∼4 meV and the exchange constant ǫ is 2.7 meV. This is comparable to ǫ in GaAs:Mn amounting to 2.5-5.5 meV. [29] Furthermore, independently of the third Hund coupling compared to ǫ, the calculated spin polarization of the holes in the ground state amounts to -0.33. If the third Hund coupling is small compared to ǫ, as is likely the case, the calculated spin polarization in the first excited state amounts to -0.44. Due to the increased spin polarization in the first excited state compared to the ground state, the hole mobility in the first excited state is likely also higher than in the ground state due to the suppression of spin-flip scattering. We therefore propose that the thermally activated behavior seen in Fig. 6 around 10-20 K is due to the first excited state becoming accessible, which opens another conducting channel with a larger mobility. However, a definite explanation for the resistance drop is not possible at present due to the strong anomalous Hall effect, which inhibits a complete determination of carrier concentration and mobility as a function of temperature.
Note that the microscopic picture of an antiferromagnetic coupling between holes and Mn ions is consistent with the macroscopic picture of the BMP theory proposed by Kaminski and Das Sarma. [24] When the temperature is low, the ferromagnetic transition will first occur locally in the regions with larger carrier concentration. As the temperature decreases, these finite-size regions, which have random shapes and positions, grow and merge, and finally percolation over the whole sample occurs. Therefore, the Ge:Mn FMS material will be rather described as a combination of Mn-rich and Mn-poor regions with diluted Mn ions.
The substitutional Mn ions introduce holes, acting as seeds for BMPs. The number and size of BMPs increase with the hole concentration and with decreasing temperature, respectively.
Within such a picture we can understand the investigated Ge:Mn sample and also shed light on the absence of hysteretic MR and AHE in the literature. The hole concentration is the critical parameter for FMS behavior, as seen for GaAs:Mn. [25] A large enough hole concentration (2.1×10 20 cm −3 ) gives rise to the carrier-mediated ferromagnetism throughout the Ge:Mn sample presented here. In addition to the sample discussed here, we also investigated Ge:Mn samples with lower hole concentration. In those samples we observed ferromagnetism up to around 100 K, but no hysteretic magneto-transport down to 5 K. [36] This appears similar to Refs. 4-6, 23, 33 , where a ferromagnetic phase with a high T C was reported due to the Mn-rich regions, but the hysteretic magneto-transport was absent, most likely due to the low hole concentration.
IV. CONCLUSION
In conclusion, using the approach of Mn-ion implantation into Ge and subsequent pulsed laser annealing, we have been able to increase the hole concentration by two orders of magnitude compared to LT-MBE growth. Below 10 K, we observe negative magnetoresistance and anomalous Hall effect, exhibiting the same hysteresis as the magnetization. In contrast, such effects are absent in samples with a smaller hole concentration. The magnetic and magneto-transport properties can be qualitatively well explained within a picture of dopant segregation and the formation of bound magnetic polarons.
